Abstract: A series of aromatic poly(amideimide)s containing 9,9-diphenylfluorene moieties and the amide units in the main chain have been synthesized by solution polycondensation reaction of newly prepared diamidedianhydride with several aromatic diamines: 1, 3-phenylenediamine, 3,3'-dimethoxy-biphenyl-4,4'-diamine, 4,4'-oxydianiline, 4,4'-(1,3-phenylenedioxy)dianiline, 4,4'-(9-fluorenylidene)dianiline and 1,5-diaminonaphthalene. Molecular structures of the polymers obtained have been characterized using 13 C NMR, 1 H NMR and FTIR spectroscopies. The polymers prepared are readily soluble in aprotic polar solvents, and form optically transparent films by solution casting. The resultant poly(amideimide)s have been analyzed by differential scanning calorimetry (DSC), thermogravimetry (TG) and wide-angle X-ray diffraction measurements. They exhibited high levels of thermal stability, with decomposition temperatures in the range 452-494
Introduction
Polyimides (PIs) based on aromatic ring structures are well known as high performance polymers. Due to their unique properties i.e. excellent thermal, chemical, radiation and thermooxidative stabilities, outstanding mechanical and electrical characteristics, polyimides have secured a permanent place in a variety of industrial applications [1] [2] [3] . However, the technological applications of most PIs have often been limited by processing difficulties, because of high melting or glass transition temperatures (T g 's), and insolubility in most organic solvents. To overcome these difficulties polymer-structures must be modified through the design and synthesis of new monomers. There are many approaches for enhancing the solubility and processability of polyimides without sacrificing their attractive properties [4] [5] [6] [7] [8] [9] . One which has proved successful is to increase flexibility along the polymer chain by employing flexible links e.g. an amide group [10] and by attachment of bulky, packing-disruptive groups into the polymer backbone [11] . Aromatic polyimides with amide units in the backbone viz. poly(amideimide)s (PAIs) are considered useful high-performance materials for many applications as they retain good mechanical properties and show easier processability than polyimides of analogous structures [10, 12] . Although polyimides have been well known for many years they are finding new applications in modern industry, specifically in optoelectronics. In the past decade interest in organic light-emitting diodes (OLEDs) has dramatically increased. Currently, a great deal of effort has been devoted to the development of highly efficient red-, green-, and blue-emitting materials [13] . Among many possible polymeric systems, polyimides (PIs) occupy an important position for the generation of the new display technology. They are considered very promising materials for the fabrication of light-emitting devices [14] [15] [16] . Studies are published of polyimide light emitting materials which contain moieties of perylene [15, 17] , oxadiazole [14, 18] , acridine [19] , furyl [4, 20] , fluorene [14, 19] , or triphenylamine [21] .
In the present article we report a series of new polyimides which contain fluorene units, along with flexible amide linkages, in the polymer main chain, based on a new dianhydride monomer. Fluorene derivatives have shown high fluorescence quantum yield in the solid state [14] . Therefore, we expect that the PIs that we have prepared may exhibit interesting photoluminescence properties. The general properties of these polymers, such as solubility, reduced viscosity, crystallinity, thermal stability, glass transition temperature, film forming ability and the quality of the films, as well as their optical properties and photoluminescence ability, will be described herein.
Experimental

Materials
Trimellitic anhydride acid chloride (TMACl) (Aldrich), 1,3-phenylenediamine (Aldrich), 3,3'-dimethoxy-biphenyl-4,4'-diamine (Aldrich), 4,4'-(1,3-phenylenedioxy)-dianiline (Al-drich), and 1,5-diaminonaphthalene (Aldrich) were used as received. 4,4'-Oxydianiline, and 4,4'-(9-fluorenylidene)dianiline were recrystallized from methanol in the presence of decolorizing charcoal. Acetone was dried and distilled in the usual manner and N-methyl-2-pyrrolidinone (NMP) (Aldrich) was used without purification.
Monomer synthesis
The monomer 1,1'-bis(3",4"-dicarboxybenzoiloamino)-9,9-diphenylfluorene dianhydride (BPFD) was prepared as reported in our previous paper for different dianhydrides (Scheme 1) [22] .
Scheme 1 Synthesis of the diamidedianhydride BPFD.
To a A 100 mL flask equipped with magnetic stirrer, condenser and dropping funnel was charged with 22 mmol of TMACl and 25 mL of dry acetone. After the mixture was heated under reflux, a solution of 10 mmol 4,4'-(9-fluorenylidene)dianiline and 22 mmol of dry pyridine in 25 mL of acetone was added dropwise over 30 min. The mixture was stirred and heated under reflux for 1 h. After cooling to room temperature, the resulting yellow precipitate was filtered off and washed with acetone and then dried at 60
• C. The crude product was washed with hot acetic anhydride and dried in vacuum at 200
• C. The anhydride was obtained as a yellow solid (yield: 70%); the range of melting temperature is 387-393
• C. IR (KBr, cm 
Polymer synthesis
The method of one-step high-temperature polycondensation was used for the preparation of the poly(amideimide)s [23] . The polymers were synthesized starting from the novel • C for 3.5 h under argon. Then the polymer solution was diluted with NMP and precipitated by slowly dropping the reaction mixture into stirred methanol. The polymers were collected by filtration and further purified by Soxhlet extraction with hot methanol. Then the polymer was dried at 100
• C under vacuum. 
Film preparation
Films were obtained by casting a solution of 10% concentration of polymers in NMP onto glass plates and sequential heating from room temperature to 180
• C during 8 hours in vacuum. The polymer solutions were filtered before casting.
Measurements
H and
13 C NMR spectra were recorded on a Varian UNITY Inova 300 spectrometer (DMSO-d 6 solvent against TMS as an internal reference). IR spectra were taken using a BIO-RAD FTS 40 A spectrometer as KBr pressed pellets. Differential scanning calorimetry (DSC) was performed with a TA DSC 2010 apparatus under nitrogen using a heating/cooling rate of 20
• C min −1 . Thermogravimetric analysis (TGA) was made using a STA 625 Polymer Labs Thermal Analyzer, with heating rate 20
• C/min under a nitrogen atmosphere. Elemental analysis was determined using a Vario EL III Elementar apparatus. The reduced viscosity was measured in NMP at 25
• C using an Ubbelohde viscometer. The X-rays diffraction patterns on solid samples were recorded using CuKα radiation on a wide-angle HZG-4 diffractometer working in the typical Bragg geometry. UV-Vis spectra were recorded in NMP solution (concentration=1 × 10 −5 mol/L) of polymers and as films using a Jasco V570 UV-V-NIR spectrometer. The photoluminescence solution and film spectra were registered on a Fluorolog 3.12 Spex spectrometer with a 350 nm excitation line (450 W xenon lamp as the light source).
Results and discussion
Polymer characterization
New poly(amideimide)s have been synthesized from the novel dianhydride monomer with commercial aromatic diamines. The chemical structures of all polyimides synthesized in this research are presented in Fig. 2 . Fig. 2 Chemical structure of the synthesized poly(amideimide)s.
The formation of poly(amideimide)s has been confirmed with elemental analysis, IR and NMR spectroscopies (see Experimental). The elemental analyses show satisfactory agreement with the calculated content of nitrogen and hydrogen in the proposed structures. However, a deficiency in carbon content of 1.24-3.83% is observed. This could be a result of the difficulties in burning these high temperature polymers. Similar results are also observed by Yang et. all [24] . The IR spectra of these polymers exhibited characteristic imide absorption bands at around 1780 (asymmetrical C=O), 1722 (symmetrical C=O), 1370 (C-N), and 730 cm −1 (imide ring deformation). The absorption band around 1668 cm −1 is assigned to the stretching vibration of the carbonyl groups of the amide linkages. The IR spectrum of PAI 3 and PAI 4 shows an absorption peak at about 1230 cm −1 , consistent with asymmetric stretching of -COC-aryl ether. The microstructures of these poly(amideimide)s have also been verified from their NMR spectra. In the 13 C NMR spectra the carbon of the amide group of the main chain resonated at about δ=163.1-164.2 ppm, carbon of the carboxyl groups and in the imide unit had resonance approximately at δ=150.5∼160.1 ppm. The resonance line at 38.6 ppm is assigned to carbon of the methoxy group in PAI 2. In the 1 H NMR spectra the peaks of the amide group proton appeared in the region of 10.44-10.61 ppm. In the case of polymer PAI 2 the protons of the methoxy group are observed at 3.90 ppm. The values of chemical shifts of the polyimides studied has also been confirmed using a simulation program (G-NMR program).
The 1 H NMR, 13 C NMR and IR spectra of the polymers were consistent with their assigned structures.
For many end-use applications the ideal material should be highly amorphous. The nature of the new poly(amideimide)s films was evaluated in wide-angle X-ray diffraction experiments. Two broad diffraction peaks of diffusion type, one centered at 14
• (2θ) and another much weaker centered at 29
• (2θ), are observed in X-ray plots. All the polymers show similar diffraction patterns, typical of amorphous materials.
The solubility behavior of synthesized poly(amideimide)s was determined (by visual observation) for the powdery samples in excess amounts of solvent. The qualitative solubility properties of polymers and their reduced viscosity are reported in Table 1 . The present series of polymers exhibited good solubility in a variety of solvents, not only in amide polar solvents (NMP, DMA, DMF) but also in less polar m-cresol, and dimethyl sulfoxide (DMSO) and pyridine. This result demonstrated that the polymers displayed enhanced solubility, which was attributed to increased flexibility caused by the introduction of amide linkages, and increased free volume caused by the incorporation of a bulky pendant group in the repeating unit. The chain packing of the polymers is disturbed, and consequently the solvent molecules can easily penetrate to solubilize the polymer chain.
The good solubility makes these polymers potential candidates for practical applications in spin coating processes or casting technique. The reduced viscosity of the polyimides was determined in NMP and found to be in the range 0.15-0.46 dl/g as shown in Table 1 . The molecular weight of the polymers is high enough to obtain polymer films. However the polymer film obtained form PAI 6 is brittle, probably due to high structural rigidity. The other polyimides form flexible films having a thickness around 40 µm.
The thermal stability of the polymers was evaluated using thermogravimetric analysis (TGA) in a nitrogen atmosphere. The results are summarized in Table 2 . Table 2 Thermal properties of the poly(amideimide)s. The polymers show almost the same value of the residual weight at 600
• C -around 30%. From Table 2 , it is apparent that the polymers showed high thermal stability, with the onset of decomposition in the range 452-494
• C (decomposition temperature (T d ) based on 5% weight loss). The temperature for 10% weight loss (T 10 ) is in the range 475-525
• C. The polymer PAI 2 obtained from 3,3'-dimethoxy-biphenyl-4,4'-diamine exhibits the lowest thermal stability.
The glass transition temperature (T g ) of the polymers was determined using differential scanning calorimetry (DSC) under nitrogen atmosphere. These results are also listed in Table 2 . The T g of these polymers appeared in the range 181-278
• C. The PAIs show a large interval between their glass transition and decomposition temperatures.
Optical properties
The optical properties of poly(amideimide)s were studied using UV-Vis and photoluminescence (PL) spectroscopy. The UV-Vis and PL spectra of the polymers synthesized in this study have been acquired both in solutions and in films. Fig. 3 shows as an example the UV-Vis absorption spectra of PAI 5 in solution and in thin film. The range of UV-Vis measurements was limited by the transparency of the solvent and support.
The UV-Vis data, including the absorption maxima (λ max ) of the polymers in solution and in thin films on the glass support and the energy gaps (E g ) of the films are collected in Table 3 .
All of the polymers exhibit broad absorption bands with absorption maxima at about 260, 300, 310 nm and a peak centered around 333 nm which extends as far as 400 nm (in Fig. 3 curve (b) ). This broad and weak transition in the range of 318-400 nm is attributed to conjugation between the aromatic rings and the nitrogen atom in the imide group [21] . The absorption spectra of the six different polymers are very similar to each other, and almost independent of the nature of the diamine unit. The absorption maxima of the thin film samples show similar absorption profiles (curve (a) in Fig. 3 ) to the polymers in solution. However, an increase in wavelengths of the absorption maxima is observed on going from solution to thin films in all of the poly(amideimide)s investigated. The absorption maximum at the shorter wavelength in films is bathochromically shifted by about 39 nm and the broad absorption band with the lowest energy absorption maximum is red shifted by about 12 nm in comparison to solutions. The absorption maximum at 299 nm which is observed in solutions is not pronounced in films (except for PAI 1 and PAI 5). The bathochromic shift in the solid state absorption maxima as compared with the solution is probably due to a decreased torsion angle and therefore increased planarity of the chain in the solid state [25] .
The energy gaps of the polymer films studied were estimated using the linear approximation of the absorption (α) root dependence α ∼ (E-E g )
2 . This approximation is typically used for amorphous semiconductors, and has also been applied for polymers [26] . The differences in energy gap among the poly(amideimide)s films studied are attributed to the change of planarity between different conjugated parts of the polymer chain. It is known that the decrease of planarity lowers the HOMO level but raises the LUMO level and thus leads to a larger band gap [27] .
The polymer solutions and films were excited at a wavelength of 350 nm, which provides the best fluorescence spectra. Table 4 summarizes fluorescence data for the polymers in NMP solution as well as in films. The photoluminescence (PL) emission spectra of all poly(amideimide)s in NMP solution displayed luminescence bands consisting of two emission peaks very close to each other: one peak is centered at about 393 nm (3.15 eV) and the other around 407 nm (3.05 eV), indicating violet light emission. The two peaks in the emission spectrum may arise from vibronic structure rather than two separate states [28] . For the PL spectra of the polymers in solution, the fwhm is in the range of 39-42 nm, which is relatively narrow.
The photoluminescence spectra of the polymers in solid films differed greatly from their spectra in solution. As shown in Table 4 the PL maxima of polymer films are dramatically red shifted by around 100 nm relative to those of solutions and become structureless and extended into longer wavelengths. It is very probable that the large bathochromic shifts of the emission maximum in the conjugated polymer in the solidstate relative to the solution might correspond to a conformational transition of the conjugated backbone from twisting in solution to more planar in the solid state.
The photoluminescence spectrum of polymer film PAI 1 is typical, and presented as an example in Fig. 4 . Fig. 4 UV-visible absorption and photoluminescence (PL) spectra of the PAI 1 polymer films: thin film on glass plate was used for UV-Visible measurement and free standing film (thickness around 40 µm) was used for PL measurement. The excitation was at 350 nm.
Photoexcitation of the polymer films results in a single peak with a maximum centered in the range of 506-527 nm. The emission peaks are broader than those in NMP solution. For the PL spectra of the films, the value of fwhm is in the range 62-78 nm. However, the fwhm still is relatively narrow compared to those of other light-emitting polymers [4, 28, 29] . The shape of the fluorescence spectra of the films is asymmetric. The broad tail toward longer wavelength suggests the presence of longer polymer chain [30] . The UV-Vis absorption spectra of the polymer films are not overlapped with their emission spectra (see Fig. 4 ). Large Stokes' shifts (i.e. the difference between fluorescence and UV-Vis peaks) are observed in the polymers studied (Table 3 and Table 4 ). A large value of Stokes' shift is generated by electronic or geometrical structure relaxation in the photoexcited molecule [31] . This suggests that there is a significant conformational difference between the absorbing ground state and the emitting excited state [29] . A large Stokes' shift is usually desirable in devices: if the Stokes shift is too small then the emitting light will be self-absorbed and the luminescence efficiency will decrease [18] . The poly(amideimide)s show similar optical properties. The diamine fragment in the chain has little effect on the absorption and PL spectra, within experimental uncertainties. The polymer solutions displayed violet photoluminescence. Poly(amideimide)s films emit light in the green region, PAI 1 and PAI 3 emit at slightly longer wavelength than the others.
Conclusions
The synthesized dianhydride containing fluorene and amide units reacted with various diamines, resulting in new poly(amideimide)s which exhibited enhanced solubility while maintaining high thermal stability. The polymers can be processed from solution into flex-ible films using a casting technique. The photoluminescence investigation of PAIs demonstrated that films prepared from such polymers emit green light. The poly(amideimide)s prepared have properties which mark them as potential candidates for high performance applications (e.g. for fabrication of optoelectronic devices).
